Purpose: To characterize the neurodevelopmental outcomes and identify factors associated with poor outcomes in pediatric patients undergoing cardiac extracorporeal membrane oxygenation (ECMO).
INTRODUCTION
Extracorporeal membrane oxygenation (ECMO) has been the preferred method of mechanical circulatory support for patients with acute cardiac and/or respiratory failure since the 1970s. Among other indications it is frequently used in patients where cardiopulmonary resuscitation (CPR) is refractory to conventional resuscitation measures (E-CPR); in patients with low cardiac output syndrome due to postoperative myocardial dysfunction, primary myocardial disease, or arrhythmias where further escalation of therapy outweighs the potential risks of ECMO (LCOS-ECMO); and in patients who fail to separate from cardiopulmonary bypass (OR-ECMO). In contrast to our recent publication showing institutional survival of 73%, the expected average survival rates hover between 40 and 50% (1, 2) . Complications among the survivors, and in particular neurologic complications, are not infrequent and maybe related to preceding low cardiac output events, cardiac arrest, or due to intracranial hemorrhage. Because the ECMO circuit is a potent activator of the coagulation system, systemic anticoagulation is required. Therefore maintaining a delicate balance between over-and under-anticoagulation is of paramount importance to prevent hemorrhagic and thromboembolic complications, respectively (3) (4) (5) (6) (7) (8) (9) . According to recent data from the Extracorporeal Life Support Organization (ELSO) registry, approximately 20% of all ECMO patients have some form of neurological complication, and neuroimaging studies performed on ECMO patients have demonstrated a frequency of abnormal results in 30-50% of cases (2, 10) . Similar results have been obtained for cardiac ECMO patients, with up to 60% having moderate to severe neurological impairment (11) . However, the true nature of neurological injury from ECMO patients is www.frontiersin.org clouded by the possible pre-ECMO hypoxia and by the underlying anatomic, neurologic, and neurodevelopmental abnormalities that may occur to as high as 30-50% of patients with congenital heart defects (CHD) (12) (13) (14) (15) .
The objective of this study was to assess the short and intermediate term neurodevelopmental outcomes of pediatric cardiac ECMO survivors and to identify factors associated with worse outcomes.
MATERIALS AND METHODS
This study was granted exempt status from the University of Pittsburgh Institutional Review Board and was a retrospective investigation of ECMO patients in the cardiac intensive care unit (CICU) at Children's Hospital of Pittsburgh between January 2006 and December 2010. A team of two cardiac surgeons, three cardiac intensivists, and four cardiac anesthesiologists were involved through the study's 5-year period. Of the 95 patients undergoing ECMO during this time, 69 (73%) survived to hospital discharge and thus were the subject of this study. All patients were supported with veno-arterial ECMO. As part of the institutional ECMO protocol, all patients received an initial EEG when placed on ECMO and received daily head ultrasounds for at least 5 days until decannulation. A detailed description of our ECMO and E-CPR management protocol, including our protocol to assess readiness for decannulation, was previously published (1).
NEUROLOGIC STATUS ASSESSMENT
Neurologic assessment was performed using the Pediatric Overall Performance Category (POPC) scale and Pediatric Cerebral Performance Category (PCPC), which assess cognitive impairment and functional (general adaptive or physical) morbidity after critical illness or injury, respectively (16, 17) . Each is a sixpoint graded scale of increasing disability from normal function (score = 1) to death (score = 6) (Tables 1 and 2 ). As seen in Table 2 , the PCPC scores are incorporated in the POPC scale. Differences between baseline and discharge POPC and PCPC scores have been associated with several measures of morbidity including ICU length of stay, total hospital charges, and discharge care needs (16) .
The neurologic assessments were obtained at two separate time points. The first assessment was recorded at hospital discharge and the second at the time of the latest outpatient follow-up and when adequate neurodevelopmental information was available in medical records. 
DATA COLLECTION AND CATEGORIZATION
Data collected included demographic information, chromosomal and major non-cardiac structural abnormalities, cardiac diagnosis, and surgery, Aristotle complexity score, need for re-operation, CPR and ECMO parameters, complications during ECMO, and hospital length of stay. Patients were divided into three major categories, including E-CPR, OR-ECMO, and LCOS-ECMO. Because of the diversity of cardiac lesions and physiology, patients were grouped into: (a) single ventricle lesions (patients with 1 functional ventricle); (b) two-ventricle lesions; (c) primary myocardial disease (including patients with heart transplantation); and (d) primary pulmonary hypertension.
Complications during ECMO were categorized as follows: (a) brain injury (clinical or electroencephalographic seizures, significant central nervous system hemorrhage including epidural or subdural hematoma, subarachnoid hemorrhage and >Grade I intraventricular hemorrhage, and infarction or diffuse ischemic changes based on ultrasound or CT scan); (b) renal injury (serum creatinine ≥ 1.5 mg/dL or dialysis use via hemodialysis, continuous venovenous hemodialysis or hemofiltration); (c) bloodstream bacterial infection; (d) respiratory complications (ventilator associated pneumonia, acute respiratory distress syndrome, pulmonary hemorrhage, or pneumothorax); (e) cardiac complications (new arrhythmias that required treatment, CPR and inotropic support); (f) gastrointestinal complications [gastrointestinal hemorrhage or hyperbilirubinemia (defined as serum conjugated bilirubin ≥ 2 mg/dL or total bilirubin ≥ 15 mg/dL)]; (g) bleeding (cannulation or surgical site bleeding, hemothorax and hemopericardium requiring intervention); (h) mechanical circuit complications (air emboli, thrombus formation in the circuit, breaks, or leaks developing in any part requiring circuit change and oxygenator failure).
STATISTICAL ANALYSIS
All variables were assessed for normal distribution using the Kolmogorov-Smirnov test. Normally distributed data are presented as mean ± standard deviation. Data that were not normally distributed are presented as median with interquartile range (IQR). Categorical variables are presented as the total number followed by the percentage of the population in parenthesis. Categorical data were compared with the Fisher's exact test or χ 2 test where appropriate and continuous data with the Wilcoxon test for 2-group comparison or Kruskal-Wallis test for 3-group comparison. Due to the small number of patients in each individual POPC scale, for statistical purposes and meaningful comparison, patients with a POPC score 1 and 2 were considered one category (Normal -mild disability group), and patients with POPC score between 3 and 6 was a different category (moderate to severe disability group). All statistical analyses were performed with JMP version 9.0 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Of the 95 patients placed on ECMO between January 2006 and December 2010, 69 (73%) survived to hospital discharge and were the cohort considered in this study. The median age and weight of these patients was 47 days (IQR 8-500 days) and 4 kg (IQR 3-9 kg) Chromosomal/structural abnormalities, n (%) 7 (10) respectively. Complete demographics are summarized in Table 3 . Most patients in this cohort had undergone CPR and based on the Aristotle level, the majority (53%) of the patients had a significant disease complexity. Pre-ECMO and during ECMO characteristics are presented in Table 4 . The CPR duration was 40 min (IQR 25-50 min). Though 22% of patients had a lactate > 10 before ECMO only 4% had a lactate > 10 after the initiation of ECMO. At least one complication was documented in 42% of the patients ( Table 5) . Overall incidence of brain injury was 12%, which included seizures, intracranial hemorrhage, and infarction.
DESCRIPTION OF OUTCOMES
Discharge and long-term neurodevelopmental outcomes for the entire cohort are presented in Table 6 . At hospital discharge, 52 (75%) patients had good -mild disability, and at the latest followup this improved to 56 (81%) patients. Six (9%) died between discharge and follow-up. Excluding the patients who died, overall 16 (23%) patients showed improvement in their neurologic status and 3 (4%) showed deterioration. Of the patients who died, one had severe Ebstein's anomaly and the other five were surgical patients. Three of them had single ventricle anatomy and died after Norwood and prior to the Glenn procedure, one had long standing tetralogy of Fallot and Alagille syndrome in conjunction with end-stage liver disease, and one died after receiving a heart transplant with septicemia.
Comparison of the patients with good -mild disability vs. moderate -severe neurologic disability at hospital discharge and at the latest follow-up is shown in Tables 7 and 8. At hospital discharge more patients with moderate to severe disability had undergone CPR, plasma exchange and had intracranial insult. However, at the latest follow-up, only the presence of cerebral infarction differed between the groups.
www.frontiersin.org Plasma exchange, n (%) 6 (9) ECMO duration, h 46 (25, 87)
Invasive interventions, n (%) 5 (7) Hospital duration, days 41 (26, 57) 
DISCUSSION
This report represents the neurological outcomes of 69 cardiac ECMO patients at an advanced cardiac ECMO center. Eighty-one Mild disability, n (%) 13 (19) Mod disability, n (%) 12 (17) Severe disability, n (%) 4 (6) Coma or vegetative, n (%) 1 (1) POPC scale at latest follow-up
Interval time from ECMO, years 1.7 (1, 4) Good, n (%) 42 (61) Mild disability, n (%) 14 (20) Mod disability, n (%) 6 (9) Severe disability, n (%) 1 (1) Coma, n (%) 0
Death, n (%) 6 (9) percent of the surviving patients had normal to mild neurological impairment at the latest follow-up nearly 2 years after ECMO support, while 19% showed significant neurological impairment (including death). The most significant parameters that appeared to increase risk for poor neurological outcome were presence of CPR, cerebral infarction or hemorrhage, and the use of plasma exchange. Though the latter one likely represents a group of patients who were sicker and thus needing plasma exchange, however we cannot be definitive that the actual procedure itself wasn't associated more complications and therefore worsening neurologic disability. Our results are similar to the 14% of children who were found to have major neurological impairment (not explained
Frontiers in Pediatrics | Pediatric Cardiology by a chromosomal disorder) at 5 years of age in a multi-center study in Europe and the UK randomized control trial, but less than reported elsewhere (11, (17) (18) (19) . One important difference with our center compared to the data published elsewhere, is the duration of ECMO averaged <48 h (maximally 87 h), whereas other reports show an average of over 100 h ECMO duration (17, 19) . Since ECMO can be associated with so many disastrous complications, we as a group are strong proponents of shortening ECMO duration in the hopes of minimizing complications even at the expense of low to medium doses of inotropic and respiratory support. Overall it is difficult to determine whether the underlying etiology and cardiac anatomy is more of a significant contributor to the neurological outcomes of patients, or whether the actual course of ECMO itself is more of a significant contributor; particularly with respect to the varying anticoagulation protocols utilized by every center and the common issue of maintaining the target parameters within one's own protocol. A recent review of the anticoagulation parameters of ECMO patients at our institution over a 5-year period showed that 93% of the recorded high-range ACT (Hemochron ACT+) values were <180 s, which could conceivably contribute to the formation of thromboemboli (9) . A recent survey of our ACT data from 2010 until 2013 indicates that 50% of the ACT data are outside the normally accepted range of 180-220 s for the low-range ACT (Hemochron ACT-LR). Ultimately, it may be a combination of the pre-ECMO etiology, which increases risk for poor neurologic outcomes and ECMO complications and then the during ECMO complications (particularly the coagulation status) that determines the composite risk for neurologic injury.
However irrespective of the nature of neurologic injury, this study as well as our previous ECMO survival study (1) show that while superior survival is feasible, neurologic insult can be reduced and that neurologic improvement over the long run is expected. This highlights the importance and investment into early neurodevelopmental intervention for these children.
